Pigeons were trained in a new procedure to test for visual binding errors between the dimensions of color and shape. In Experiment 1, pigeons learned to discriminate a target compound from 15 nontarget compounds (constructed from four colors and shapes) by choosing one of two hoppers in a two-hopper choice task. The similarity of the target to non-target stimuli influenced choice responding. In Experiment 2, pigeons learned to detect a target compound when presented with a non-target compound within the same trial under conditions of simultaneity and sequentiality. Nontarget trials were arranged to allow for the testing of binding errors (i.e., false identifications of the target on certain non-target trials). Transient evidence for binding errors in two of the birds occurred at the start of two-item training, but decreased with training. The experiments represent an important step toward developing a framework for the evaluation of visual feature binding in nonhumans.
. As for time, as the time between two sequentially presented stimuli increases, binding errors are reduced (Keele et al., 1988; McLean et al., 1982) . If location is more important than time to the binding of visual features, then rapidly presenting two stimuli in the same location should increase the probability of binding errors relative to the case where two stimuli are presented at the same time in two different but proximal locations. Using variants of the rapid serial visual presentation (RSVP) detection task, several studies have found that location is more important than time in the binding of visual information (Keele et al., 1988; McLean et al., 1982) .
In vision, an object's visual features such as its color, shape, and orientation are unified in an organism's environment. In mammalian brains, however, visual features are analyzed in different areas of the brain (e.g., Lamme & Roelfesma, 2000; Zeki, 1993) . For example, there are cells that are selectively tuned in area V4 to color, striate cortex to orientation, the medial temporal area to motion, and the inferotemporal cortex to complex form. However, after this distributed processing the end result is the perception of a bound, three-dimensional representation of the object. Hence, the object's visual features are somehow recombined. How this reintegration process occurs is known as the binding problem. The binding problem continues to be one of cognitive science's more vexing riddles. The behavioral research devoted to the binding problem has been conducted mostly with humans. However, this integration process is likely a general process that would be stable and common across a wide variety of vertebrate species (Papini, 2002) . Nonhuman animals that rely heavily on vision for their everyday survival would be an ideal choice for developing a framework to address the comparative mechanisms underlying feature binding.
Pigeons serve as excellent subjects for comparative studies because their non-mammalian visual system has evolved to rapidly analyze visual information from the environment much like our own (e.g., Cook, , 2001 . In regard to the binding problem, prior physiological and psychological findings have suggested that color and shape features may be separately processed and reintegrated by their visual system, as well. The avian brain has two different ascending visual pathways, the thalamofugal and tectofugal, which relay information to the visual Wulst and entopallium respectively. The thalamofugal and tectofugal pathways are considered to be homologous to the mammalian geniculostriate and extrageniculate pathways (Husband & Shimizu, 2001 ). Like humans, there are also specialized areas of the avian visual pathways, which analyze specific visual information (for a review see Wylie, Gutierrez-Ibanez, Pakan, & Iwaniuk, 2009 ). For instance, retinal ganglion cells are responsive to directional movement and horizontal edge detection (Maturana & Frenk, 1963) and optic tectum cells are responsive to color, brightness, and line orientation (Engelage & Bischof, 1993; Li, Xiao, & Wang, 2007) . Thus, the avian brain has specialized areas for the analysis of color and shape information. In regard to the discriminative response, different feature dimensions (e.g., color, shape, orientation, size) are processed separably and independently (e.g. Brown, Cook, Lamb, & Riley, 1984; Cook, 1992; Cook, Cavoto, & Cavoto, 1996; Cook, Riley, & Brown, 1992; Riley & Brown, 1991) . If two dimensions are processed separably and independently, then the integration of these dimensions can occur if both dimensions are relevant to a task. For example, using a texture discrimination task, Cook et al. 1996 , found that pigeons (like humans) find feature searches easier than conjunctive searches. Feature searches require subjects to find a target (or region as in texture segregation) that differs from distractors in one dimension (e.g., blue U amongst orange Us). Conjunctive searches require subjects to find a target that combines feature dimensions shared with distractors (e.g., blue U amongst blue As and orange Us). Conjunctive searches are typically more difficult because they require binding across separable and independent dimensions. Like visual search and texture discriminations, compound stimulus discriminations requiring feature binding to complete successfully. In fact, George and Pearce (2003) demonstrated such feature binding between the visual dimensions of color and orientation in pigeons. George & Peace (2003) trained pigeons to discriminate orientation-color pairs on the basis of specific configurations (bindings) of color and orientation in particular spatial locations. Importantly, attending to a single dimension (i.e., color or orientation) did not provide sufficient information to solve the discrimination. After learning the discrimination, the stimuli were rotated 90° and retested. If pigeons had learned feature-bound representations, the rotated stimuli should elicit the reverse behavior of the trained contingencies. If the pigeons had learned visual patterns (templates), they may rotate the image back to its training orientation (i.e., a -90° rotation) to solve the discrimination, with no change in behavior. The results suggested that the pigeons were relying on feature-bound representations rather than a template-like pattern. Although the procedure of George & Pearce does not allow for the direct assessment of binding errors, their results suggest that binding errors may occur in the perception of conjunction stimuli. Because compound stimuli may be processed in a feature-based manner, misperceptions of the features in a non-target display may activate the "target" compound and evoke a target-present response.
The goal of the following experiments was to develop procedures to examine visual binding in pigeons by manipulating spatial and temporal factors, within a trial, of multiple presentations of color-shape compound stimuli. We were interested in whether binding errors occur in pigeons when presented with specific compound objects within a two-object array in different locations (simultaneously or sequentially) or the same location (sequentially). Before we began exploring variables related to binding, we needed to determine whether or not pigeons could discriminate a specific compound stimulus.
Experiment 1
The purpose of this experiment was to establish a conditional compound discrimination requiring the processing of two dimensions (cf. Blough, 1969; Chatlosh & Wasserman, 1993; George & Pearce, 2003; Heinemann & Chase, 1970) . The visual dimensions selected were color and shape because both physiological and behavioral evidence suggests that birds process these dimensions independently. It was critical to establish that features along both dimensions were accurately discriminated by the pigeons in order to explore subsequently the possibility of binding errors between the two dimensions in Experiment 2. If the pigeons only discriminated along one dimension, and failed to discriminate along the other, it would be impossible to detect any binding errors.
In the conditional discrimination one compound was designated the target and the remaining compound stimuli were designated non-targets. A two-hopper choice task was used, which required the pigeon to select either the left or right hopper conditional on the compound stimulus presented on a given trial. For example, for the target compound the left hopper was the correct choice and for the non-target compounds the right hopper was the correct choice. Once this choice discrimination was learned, we could measure the presence of binding errors by using different combinations of the non-target compounds in Experiment 2.
Method
Animals-Four experimentally-naive male White Carneaux pigeons served as subjects: Chief, Dr J, Larry, and Reggie. Pigeons were maintained at 80% of their free-feeding weights via mixed grain during experimental sessions with supplemental feeding as needed. They had free access to grit and vitamin-enriched water in their individual home cages. A 12:12 hr light/ dark cycle was kept throughout the study.
Apparatus-A flat-black Plexiglass chamber (38-cm wide × 36-cm deep × 39.3-cm high) contained the pigeon. A 28 × 21-cm viewing window was centered in the middle of the front panel. A 28-V houselight was located in the center of the ceiling and was illuminated at all times, except during the timeout that followed incorrect responses. Two identical hoppers (Coulbourn #E14-10, Allentown, PA) were located at the front of the left and right walls of the operant chamber, each 3.5 cm from the front viewing panel and flush with the floor. Infrared LEDs were mounted 1.5 cm within each hopper and detected the entrance of a pigeon's head. A color monitor (COMPAQ 151FS, Houston, TX) was located immediately behind the front panel and was visible through the viewing window. Mounted in this window, 2 cm in front of the color monitor was a touchscreen (functional resolution of 324 × 206 pecking locations; Elographics AccuTouch Model E274-SFC; Oak Ridge, TN) that detected pecks directed to the monitor screen. A .02 mm sheet of acetate placed in front of the touchscreen in the viewing window protected it from scratching caused by the pigeons' beaks.
All experimental events were controlled and recorded by computer. Stimulus generation and event programming were executed using QuickBasic (Microsoft, Redmond, WA) and an attached graphics library (GX Graphics, Houston, TX). Computer-controlled relays (Metrabyte, Taunton, MA) governed the operation of the hoppers and houselight. A color video card controlled the monitor in the SVGA graphics mode (800 × 600 pixels).
Stimuli-Sixteen multidimensional stimuli were used and were pairwise combinations of 4 colors (green SVGA #2, cyan #3, red #4, yellow #7) and 4 shapes (U, T, square, and triangle). An additional shape, O, was also used during acquisition. All stimuli were presented on a black background. Large and small stimulus sizes were used during the initial training of the compounds. The large stimuli were 3 cm × 3 cm. The small stimuli were 1.8 cm × 1.8 cm. The large stimuli were eventually dropped from testing (Dr J & Larry, session 71; Chief, 35; Reggie, 29), because no size difference was found for any pigeon (mean choice accuracy large: 80.5%; small: 81%).
Procedure
Initial training-Pigeons were first trained to eat from both hoppers, and then auto and handshaped (if necessary) to peck a ready signal presented in the middle of the viewing window. Food reinforcement occurred upon pigeon head entry into one of the two randomly lit hoppers. Upon the pigeon's head entry, the food hopper was raised for 2-s. Autoshaping began with a white 2.5-cm circular ready signal. The ready signal was permanently changed a few sessions into the autoshaping procedure to a larger 13 × 6 cm (width × height) white ready signal with a diagonal hatched texture. The ready signal was located 9.5 cm from the bottom and 7.5 cm from both sides of the viewing window. This change was implemented to allow the ready signal to cover the entire response area used for stimulus presentations. Once responding to the ready signal was established, a target or non-target compound stimulus was immediately presented after the ready signal for 5 s or until pecked once. Compound stimuli could appear in one of three positions in a 1 × 3 array of locations: left, center, or right. Each position was located 12.5 cm above the bottom of the viewing window. The left position was 9 cm from the left side and 19 cm from right side of the viewing window. The center position was 14 cm from both sides of the viewing window. The right position was 19 cm from the left side and 9 cm from the right side of the viewing window. All stimuli were centered in the three positions. Following stimulus presentation only the correct choice hopper was illuminated. For two pigeons, the left hopper was the correct choice on target trials and the right hopper was the correct choice on non-target trials. This assignment was reversed for the other two pigeons. Each pigeon had a unique target stimulus to identify: Chief = cyan T, Dr J = green triangle, Larry = red U, Reggie = yellow square. Target stimuli were selected with the constraint that each of the colors and shapes be used once. A 30-s intertrial interval (ITI) followed reinforcement. These 120-trial sessions, occurring over the course of several days, consisted of 60 target (30 large / 30 small) and 60 non-target trials randomly intermixed. Each of the fifteen non-target stimuli appeared 4 times (2 large / 2 small). Target and non-target trials appeared equally often at each of the three stimulus locations in the array.
Discrimination training-Discrimination training began when both the correct and incorrect hoppers were simultaneously lit following stimulus presentation, thus requiring a discriminative choice to be made between the two hoppers. Each trial began with a peck to the ready signal, followed by a peck to a compound stimulus. Both hopper lights were then illuminated and the stimulus was displayed until a choice occurred. If the correct hopper was selected, a pigeon was allowed 1.6-1.8-s (depending on a pigeon's weight) access to mixed grain. If the incorrect hopper was chosen, the pigeon experienced a 15-s timeout. A 30-s ITI followed either consequence. Within a few sessions, a variable ratio (VR) schedule to the compound stimulus was implemented, requiring 1-5 pecks to be directed at the stimulus before the test hoppers were illuminated. Sessions consisted of 120 randomly intermixed trials: 60 target (30 large / 30 small) and 60 non-target trials. Each non-target compound stimulus was tested 4 times (2 large / 2 small). Target and non-target trials were tested equally often at each of the three stimulus locations in the array.
To demonstrate the pigeons were discriminating both dimensions of color and shape, two criteria had to be met for three consecutive sessions. Percentage of target hopper choice was used to judge these criteria. The first criterion required that the pigeons be accurately discriminating the target compound. Therefore, the hit rate on target trials had to be ≥ 90%. The second criterion required that the pigeons be accurately discriminating both dimensions of the compounds. Thus, any stimulus that shared a feature (e.g., red T, cyan U) in common with the target (e.g., red U) had to be discriminated with a false alarm rate of ≤ 33%. Together, these criteria assured that choice responding was both significantly different from chance (50%) and that the pigeons were discriminating both dimensions.
During discrimination training several adjustments were made to increase the pigeons' choice accuracy to meet these criteria. These adjustments were instigated mainly to counter poor discrimination along one of the two dimensions. The adjustments consisted of intermittent use of a correction procedure, feature-discrimination training, and replacing one of the shapes (O for the square). For correction procedure sessions each trial in a session was repeated until a correct choice occurred. Feature-discrimination training consisted of sessions in which nontarget stimuli consisted only of compounds that shared a target color or shape. For example, if Dr J was mainly discriminating the compounds by the color dimension, he experienced sessions that consisted of only green triangles, green Us, green Ts, and green squares. Hence, such feature-discrimination training required a pigeon to discriminate the dimension producing less stimulus control to succeed at the task. Finally, because Dr J and Reggie were unable to discriminate between the square and triangle shape features, the square was replaced with the O shape. With these adjustments, the pigeons eventually learned the task as configured and met our criteria.
Results and Discussion
All pigeons learned to discriminate between the target and the non-target compounds. Figure  1 displays the percentage of target hopper choice responses for each pigeon across five-session blocks. On target trials (filled circles) a perfect score is 100% (hit rate). For non-target trials (open symbols) a perfect score is 0% (false alarm rate). The 16 training stimuli were divided into four stimulus groupings: target, target-color, target-shape, and different-target features. Target trials consisted of trials containing the target stimulus, for instance, red Us if that was the pigeon's target (red U is continued throughout this article as the target example). Targetcolor trials consisted of non-target trials in which the target's color but not the target's shape was presented (e.g., red Ts, squares, and triangles). Target-shape trials consisted of non-target trials in which the target's shape but not the target's color was presented (e.g., yellow, green, and cyan Us). Different-target features trials consisted of non-target trials in which the target's color and shape were not presented (e.g., cyan triangles, cyan Ts, cyan square, green triangles, green Ts, green squares, yellow triangles, yellow Ts, and yellow squares). The correction procedure and feature-discrimination training sessions have been omitted from the plots. The similarity of the non-target stimuli to the target stimuli influenced choice responding, as both target-shape and target-color trials had significantly higher false alarms than different-target features trials. Thus, if a non-target stimulus differed in both dimensions from the target stimulus the pigeons were more likely to correctly select the non-target hopper than if a nontarget stimulus differed in only one dimension from the target.
The results of Figure 1 also show that over training three pigeons (Chief, Dr J, & Reggie) responded to target-color trials as more similar to the target than target-shape trials, as indicated by the higher percentage of false alarms on target-color trials (46.3%) than on target-shape trials (25.6%). A paired t-test confirmed this comparison using the data for these three pigeons, t(2) = 7.0, p < .05. This result suggests that for these three pigeons the color of the target object controlled responding more than its shape. For the remaining pigeon (Larry), the color and shape of the target object equally controlled responding.
By the end of training each pigeon met or exceeded the criteria set for the three trial types. Recall that the criterion measure for target trials is a hit rate ≥ 90% and for target-color and target-shape trials a false alarm rate ≤ 33%. The pigeon's hit rate on target trials (92.5%) was well above chance (50%, one-sample t-test, t(3) = 53.2, p < .01), and their false alarms on nontarget trials (target-color: 11.8%, target-shape: 18.8, different-target features: 2.1%) were well below chance, ts(3) > 5, p < .02. Additionally, individual d' values ranged from 1.89 to 5.75 indicating excellent discrimination.
The results of Experiment 1 show that each pigeon succeeded in discriminating the compound stimuli using information from both the color and shape dimensions. The similarity of the nontarget stimuli to the target stimulus influenced choice responding results in systematic patterns of errors. The evidence for this was more false alarms occurred when the non-target shared either its color or shape with the target than if it did not. Over most of the experiment, the majority of the pigeons seemed to rely more on color information to discriminate the target compound from the non-target compounds than shape. Because the relative discriminability of the color and shape features was a priori impossible to control, it is perhaps not surprising that stimulus control was greater for one dimension. With adjustments and training, however, by the end of Experiment 1 the pigeons clearly solved the current conditional compound stimulus discrimination by discriminating and using both the dimensions of color and shape. This positioned us in Experiment 2 to begin to explore the possibility of binding errors in the processing of these compounds.
Experiment 2
In Experiment 2, the pigeons were trained to detect their target compound stimulus using both simultaneous and sequential presentations where two compound stimuli were presented on each trial. We explored the nature of binding errors by pairing certain non-target stimuli with other non-target stimuli or with target stimuli. In this way, we determined the components of the stimulus compound that controlled responding. In this altered procedure for the pigeons, if the target appeared as one of the two compound stimuli (items) during a trial, then the target hopper was the correct choice. This was considered a target trial. If both items were non-targets, then the non-target hopper was the correct choice. This was considered a non-target trial. Target and non-target trials were equally likely in a session. In order to determine the presence of binding errors, five trial types (see Figure 2) were used: target, target-color, target-shape, target-color-shape, and different-target-color-shape. As above, target trials consisted of the target item and a different-target-features item; Target-color trials consisted of a shared target-color item and a different-target-features item; Target-shape trials consisted of a shared target-shape item and a different-target-features item; Target-color-shape trials consisted of a shared targetcolor item and a shared target-shape item; and different-target-color-shape trials consisted of two different-target-features item.
The five trial types yield specific information in determining binding errors. Hit rate on target trials provided a measure of how accurate the pigeons are at discriminating the target compound stimulus in the presence of a different-target-feature item. Much as in Experiment 1, false alarms on target-color trials measured the pigeons' errors to the target's color but not shape. False alarms on target-shape trials measured the pigeons' errors to the target's shape but not color. New to Experiment 2 were the target-color-shape trials. False alarms on these targetcolor-shape trials measured the pigeons' errors to the target's color and shape (perhaps incorrectly combined). We predicted that more false alarms should occur on target-color-shape trials relative to either target-color or target-shape trials. There were two reasons for this prediction. First there are two features of the target present on target-color-shape trials instead of only one feature on the target-color or target-shape trials. Beyond this factor, however, was the secondary possibility of binding errors do to the incorrect combination of these two features. If binding errors occurred, according to Treisman & Schmidt (1982) , then the false alarm rate to these target-color-shape trials should be greater than the additive and independent effect of target-color and target-shape trials combined.
The effect of space and time on the binding of visual information was also explored in Experiment 2. To measure performance for spatial and temporal factors, the pigeons learned to discriminate a target compound paired with a non-target compound within sequential and simultaneous presentations of the two compounds. To determine whether binding errors were more likely to occur under manipulations of time or location, a comparison between the binding errors on simultaneous and sequential trials can be made. To make this comparison there were three two-item conditions: Sequential same location, sequential alternate locations, and simultaneous. The sequential same location condition consisted of two items presented in the same location one right after the other. The sequential alternate locations condition consisted of two items presented in different locations one right after the other. The simultaneous condition consisted of two items presented at the same time in two different locations. These conditions were analogous to those used to explore spatiotemporal factors with human subjects (Keele et al., 1988; McLean et al., 1982) . Therefore, a comparative analysis between humans and pigeons could potentially be done. Unique to our experiments was that we could assess binding errors at different points in time across training. Hence, we could test whether binding errors in visual working memory might change over time as the task was learned. 
Method
Animals and apparatus-The pigeons and apparatus were the same as in Experiment 1. Two-item training-Three conditions were implemented to assess the role of spatial and temporal factors in the perception of two compound items in a trial. The sequential alternate locations (SAL) and sequential same location (SSL) conditions were two-item sequences (or lists). The first and second items of a sequence were presented in the first and second positions of the sequence respectively. A 0-s interstimulus interval separated the two items. In the SAL condition the two items were presented in two different locations. In the SSL condition the two items were presented in the same location. In the simultaneous (SIM) condition the two items were presented at the same time in different locations. Using the three locations from Experiment 1, the SIM and SAL conditions were arranged so that two contiguous locations were used on each trial. The spatial distance between the edges of the two items in these trials was 2.3 cm. An equal number of pecks (VR 2-5) were required to each item on a sequential trial. For instance, if three pecks (randomly determined) were required then on a sequential trial three pecks would be emitted to the first item and then three to the second item. For SIM trials, pecks were distributed in any manner to the two simultaneously presented stimuli until the VR was completed to each separate item.
There were five trial types used in order to determine the presence or absence of binding errors (see Figure 2) . For target trials, a pigeon's unique target item (e.g., red U) was presented with a different-target-features item (e.g., green T). For target-color trials, a target-color item (e.g., red T; bolded item features indicate a shared value with the target) was presented with a different-target-features item (e.g., cyan triangle). For target-shape trials, a target-shape item (e.g., cyan U) was presented with a different-target-features item (e.g., yellow O). For targetcolor-shape trials, a target-color item (e.g., red triangle) was presented with a target-shape item (e.g., green U). For different-target-color-shape trials, a different-target-features item (e.g., cyan T) was presented with a different-target-features item (e.g., green O).
Sessions consisted of 126 randomly intermixed trials (63 target, 63 non-target trials). Each session consisted of 32 trials of the three two-item conditions: SAL, SIM, and SSL. Of the five trial types, the three two-item conditions contained 16 target, 4 target-color, 4 target-shape, 4 target-color-shape, and 4 different-target-color-shape trials. These trials were further divided so that equal frequencies of the target, target-color, and target-shape items occurred in the first and second position during the sequential conditions or left and right during the simultaneous condition. Non-target items were randomly selected with the restriction that they were only used during the appropriate trial type. For instance, if red U was the target then red T, square, and triangle occurred equally often on target-color trials. There were also 30 one-item trials, identical to those tested in Experiment 1. One-item trials consisted of 15 target trials and 15 non-target trials with each of the 15 non-target items occurring once. All conditions and trial types were randomly presented throughout a session. All other aspects of the experiment were the same as in Experiment 1, except the stimuli were immediately turned off (0-s delay) following hopper illumination. The total number of sessions conducted for each pigeon was 70 for Chief and Larry, 34 for Dr J, and 28 for Reggie.
Results
Two-item discrimination-All pigeons learned to discriminate two-item trials both sequentially and simultaneously. Figure 3 depicts the first thirty days of acquisition for the three two-item conditions (filled symbols) and the one-item condition (open circles) across five-session blocks. These four conditions were further divided into target (solid lines) and non-target (dashed lines) trials. Pigeons learned to discriminate target from non-target two-item trials by detecting their target item, as performance improved on target, but not non-target two-item trials. The following analyses confirmed this interpretation.
A three-way repeated measures analysis of variance (ANOVA) of Trial Type (target, nontarget) × Two-Item Condition (SAL, SIM, SSL) × Five-Session Blocks (1, 2, 3, 4, 5, 6) was conducted on percentage target hopper choice. Significant Trial Type × Five-Session Blocks interaction, F(5, 15) = 14.49, p < .00005, Trial Type main effect, F(1, 3) = 29.4, p < .02, and Five-Session Blocks main effect, F(5, 15) = 3.06, p < .05, were found. These effects were primarily due to the improved performance on target trials and were further confirmed by the following analyses. For target trials, a two-way repeated measures ANOVA of Two-Item Condition (SAL, SIM, SSL) × Five-Session Blocks conducted on percentage target hopper choice found a significant interaction, F(10, 30) = 2.84, p < .05. This interaction was due to poorer performance on SIM trials during the first block in relation to SSL and SAL, but by the end of acquisition there was no difference between simultaneous and sequential trials. By the last block there were no differences between the two-item trial types. Additionally, separate one-way repeated measures ANOVA for each two-item condition yielded main effects, Fs(5, 15) > 3.8 p < .03, which indicated that pigeons learned to identify their target stimulus in each of the two-item conditions. For non-target two-item trials, an identical two-way repeated measures ANOVA found that both factors and the interaction did not approach significance. Therefore, there was no difference between the two-item non-target conditions, and overall discrimination remained stable over training.
To address whether any changes occurred over training on two-item non-target trials for targetcolor, target-shape, target-color-shape, or different-target-color-shape trial types separate oneway repeated measures ANOVAs of Five-Session Blocks were conducted. These examined each of the four two-item non-target trial types averaged over simultaneous and sequential presentations. Discrimination on non-target trials remained stable, except on target-color-shape trials, which significantly improved over training, as there was a 13.3% decrease in false alarms from block 1 to 6, F(5, 15) = 4.19, p < .05, (28.9%, 38.8%, 30.6%, 27.2%, 22.3%, 15.6%; respectively for Five-Session Blocks 1-6).
Recency effect-Prior procedures using sequential presentation of stimuli have typically found a pronounced recency effect for the last item displayed in a sequence (e.g., Alsop & Honig, 1991; MacDonald, 1993; Roberts & Grant, 1976; Santiago & Wright, 1984) . In the present experiment, a similar recency effect was expected for the sequential presentation conditions. If so, it is critical to establish that the pigeons were also discriminating the compound stimuli in the first position of sequentially presented stimuli. If they were not coding and using information from the first position, then binding errors could not occur in the sequential conditions. A recency effect would be represented by a higher accuracy on target trials when the target stimulus appeared in the second position as opposed to the first position in the sequence. Figure  4 shows percentage target hopper choice for sequentially presented target trials across twoitem training by first and second position. For comparison, target trials on one-item and simultaneous trials are also shown. The ordinal position of the target clearly influenced choice responding. A two-way repeated measures ANOVA of Position (first, second) × Five-Session Blocks on percentage target hopper choice resulted in a significant main effect of Position, F (1, 3) = 565.11, p < .0005, indicating a recency effect (first position: 41.1%, second position 82.9%). Performance improved across training, as supported by a Five-Session Blocks main effect, F(5, 15) = 4.72, p < .01, but the recency effect remained constant, as there was no interaction between the factors.
The strongest evidence that the pigeons were using first position information comes from comparing performance on the first position target trials to different-target-color-shape trials for two-item sequential conditions. Because both of these trial types have a different-targetfeatures item in the second position, if accuracy for first position target trials is above the falsealarm rate for different-target-color-shape trials, discrimination of the first item in the sequence must have occurred. A two-way repeated measures ANOVA of Trial Type (first position target, different-target-color shape) × Condition (SAL, SSL) on the last five-session block for percentage target hopper choice resulted in only a significant main effect of Trial Type, F(1, 3) = 18.2, p < .03. Overall, the pigeons were discriminating the item in the first position. However, individual d' values indicated that three pigeons were discriminating the first position quite well (range 1.07 to 5.12) , although Reggie was not very good (SAL: .11, SSL: . 39) Simultaneity vs. sequentiality-We were also concerned that simultaneous presentations may have been treated as sequential discriminations by the pigeons. Such similarity could have occurred because the pigeons were required to peck at each item before a hopper choice happened. That is, on simultaneous trials a pigeon had to peck at one item and then another, potentially making the trial a sequential presentation. If so, then a recency effect might occur for the last item pecked on simultaneous trials. However, because of the peck contingency on simultaneous trials, the pigeons did not always peck at each item the same number of times. This unequal peck distribution on simultaneous trials could have influenced memory for the item and, hence, choice responding on target trials (cf. MacDonald, 1993) . The following proportional analysis of pecks to the target showed this outcome not to be true.
The simultaneous target trials for the last ten sessions were broken down into nine bins based on the percentage of pecks to the target item: >85%, 75-85%, 65-75%, 55-65%, 45-55%, 35-45%, 25-35%, 15-25%, and <15%. The means for each of these bins for percentage target hopper choice were 63.6%, 76.6%, 73.6%, 69.9%, 77.7%, 73%, 71.6%, 74.4%, and 85.7% respectively. All paired t-tests between each of these bins failed to reach significance. Thus, the percentage of pecks to the target item in relation to the non-target item was irrelevant in determining a choice response.
To best compare simultaneous to sequential trials the 45-55% bin was used. This bin was selected because it represents those simultaneous trials in which, on the average, equal pecks occurred to both items, which always occurred on sequential trials. These data was further divided by whether the target was pecked last. There was no statistically-significant difference between trials in which the target was pecked last (77.9%) or not (76.1%). Hence, no recency effect was found, suggesting that simultaneous trials may not have been analyzed sequentially.
Returning to Figure 4 , further evidence for the difference between simultaneous and sequential target trials is shown over the five-session blocks of two-item training. In this figure, all data from the simultaneous target trials are used and recall that the sequential trials are broken down into first or second position as determined by the target's placement. Simultaneous trials (57.7%) are discriminated poorer than second position sequential trials (82.9%). A two-way repeated measures ANOVA of Trial Type (simultaneous, second position) × Five-Session Blocks confirmed this difference, F(1, 3) = 29.21, p < .05. A Five-Session Blocks effect was also found to be significant F(5, 15) = 7.92, p < .001, and the interaction was not. Thus, the pigeons improved with these two discriminations at the same rate. A similar ANOVA comparing simultaneous to first position sequential trials (41.1%) also yielded a marginally significant main effect of Trial Type, F(1, 3) = 9.7, p = .053, Five-Session Blocks, F(5, 15) = 4.27, p < .05, and an interaction F(5, 15) = 3.95, p < .05. Hence, simultaneous target trials were discriminated better than first position sequential trials and performance improved faster with the simultaneous condition.
Binding errors-Binding error analyses were conducted on the first and the last five sessions of two-item training. This separation was done because the prior analyses indicated that performance on target-color-shape trials improved over training. Table 1 shows each pigeon's false alarm rate averaged over the first five sessions of two-item discrimination training for the target-color-shape, target-color, and target-shape trial types for each of the two-item conditions. Binding errors were calculated based on the formula from Treisman and Schmidt (1982) . If binding errors occurred, according to Treisman and Schmidt (1982) , then the false alarm rate (i.e., target hopper choices) should be greater during target-color-shape trials than the additive effect of target-color and target-shape trials. Their reasoning was that false alarms on target-color and target-shape trials would give independent measures of correctly identifying one of the target features. Target-color-shape trials would also be a measure of correctly identifying target features, except the number of features in common with the target is doubled. Therefore, to show evidence of binding errors, false alarms on target-color-shape trials should exceed the additive effect of the target-color and target-shape trials. Binding errors derived from false alarms were calculated using the following formula:
There was some evidence of binding errors for the SAL (Chief and Larry), SSL (Dr J and Larry), and SIM (Dr J) conditions. For Dr J and Larry, it appears location was more important than time for feature binding, as binding errors were elevated on SSL in comparison with SIM trials. However, the variation in the data across the animals and conditions makes the evidence for the existence of binding errors less compelling than one would desire. If such errors did exist at the beginning of training, they had disappeared by the end of training. Table 2 shows each pigeon's false alarm rate averaged over the last five sessions of two-item discrimination training for the target-color-shape, target-color, and target-shape trial types for each of the twoitem conditions. There was no evidence of binding errors for any pigeon in any condition. A two-way repeated measures ANOVA of Trial Type (SAL, SSL, SIM) × Block (1, 2) on binding errors showed some support for this decrease as the main effect of block approached significance, F(1, 3) = 8.5, p = .06. Isolating this data to the individual pigeons that showed positive binding errors in the first 5 sessions (M = 11.6) to their performance on the last five sessions (M = -22) did show a significant decrease in binding errors, paired t-test t(4) = 6.1, p < .005. In summary, for those pigeons in which binding errors occurred the number of binding errors decreased over two-item training.
Discussion
Discriminative performance was investigated on compound stimuli presented in two-item simultaneous and sequential conditions. Comparisons between specific trial types allowed for the assessment of whether or not binding errors influenced choice responding. Two main findings were established: 1) all pigeons were able to learn to discriminate target from nontarget trials whether they occurred under conditions of simultaneity or sequentiality, and 2) some limited evidence of binding errors was initially found at the beginning of training, but this evidence disappeared with training.
How did the pigeons learn to discriminate target trials from non-target trials for two-item presentations? Of note, all pigeons continued to perform their one-item discrimination throughout two-item training indicating that the established stimulus control from Experiment 1 was maintained. Such stimulus control likely allowed the pigeons to readily transfer to twoitem non-target trials, as overall performance on non-target trials remained constant over training. The pigeons initially had difficulty responding "target" on target two-item trials because of the interfering stimulus control of the non-target item on such trials. The pigeons did gradually improve on two-item target trials indicating that the development of processes that reduced this interference (e.g., longer visual search, greater impulse control, better suppression of non-target responses). Nevertheless, target two-item performance never reached the level of target one-item performance, even when the target was in the second serial position indicating that this interference was never completely eliminated. There was also a potential processing difference among sequential and simultaneous presentation trials. The difference between these trials may have possibly occurred because the two items on simultaneous trials may have become "unified" over training. That is, the pigeons began to represent the two items as a single configuration instead of two separate items. If so, the pigeons would have to learn the novel two-item pairings whereas, for sequential trials, the two items continued to be represented as separate items. To learn the two-item target discriminations the pigeons would have to inhibit their choice response to a non-target item on such trials. The recency effect found only on sequential trials is evidence consistent with the items being represented separately. The effect is not uncommon as many researchers have found strong recency effects with sequential stimulus presentation (e.g., Alsop & Honig, 1991; MacDonald, 1993; Roberts & Grant, 1976; Weisman, Wasserman, Dodd, & Larew, 1980; Wright, Santiago, Sands, Kendrick & Cook, 1985) . Because of the changes in responding based on the serial position of the target item, recency effects (and primacy effects) are considered evidence that sequential presentation of stimuli does not produce unification of the individual items (Wright, 1998 ). In the current experiment such recency effects could be explained by interference processes within visual working memory. That is, processing of the first position item can be retroactively interfered with by the second position item which has a strong influence when a short delay (< 1 s) occurs between the presentation of the second item and choice (as in Experiment 2). Regardless of the underlying process, it was clearly difficult for the pigeons to learn to respond to the weaker available target in the first position than to the more strongly available non-target in the second position. It is interesting to note that performance on target simultaneous trials was in between performance on the first and second position sequential trials (see Figure 4) . For the simultaneous target trials each item has an equal strength (and interfering influence) in visual working memory. Hence, from the separate item perspective the final ordering of the data in Figure 4 makes perfect sense. Of course, this does not rule out unification of items on simultaneous trials but it does seem less likely.
In regard to binding errors, we expected, regardless of whether or not the Treisman and Schmidt (1982) binding error criterion was satisfied, that more false alarms should have occurred on target-color-shape trials relative to either target-color or target-shape trials. The hypothesis was based on there being two features of the target present on target-color-shape trials instead of only one feature on the target-color or target-shape trials. That is, the more features shared with the target (i.e., an increase in similarity) on non-target trials, the more likely a false alarm will occur. The results from Experiment 1 supported this hypothesis because more false alarms occurred on target-color and target-shape trials than different-target-feature trials. Performance at the start of two-item training during the first five-session block of acquisition also supported this expectation too, as false alarms were significantly higher on target-color-shape trials in comparison to the mean of target-color and target-shape two-item trials, as confirmed by planned comparisons, F (1, 3) = 19.2 p = .022. This finding was strong for three of the pigeons (Chief, Dr J, & Larry; see Table 1 ). This suggests at the very least that two shared features of targets were being recognized by the pigeons across the different items and contributing to responding.
Regarding the more intriguing question of whether binding errors occurred, the answer is mixed. We did find some evidence that perhaps two of the birds exhibiting greater than expected errors on the target-color-shape trials as determined by the Treisman and Schmidt criterion at the very beginning of testing and on sequential trials. There was very little if any evidence with simultaneously presented items. Responding that a target was present for the simultaneous condition was initially difficult for the pigeons and may have mitigated the possibility of binding errors for the simultaneous condition because they were no longer under stimulus control by the target features in this condition. These selective hints of binding errors are mitigated however by the fact that when combined across all birds, there was no evidence for binding errors above that expected for the conjoint presentation of two shared target features.
What is clear, however, is that the processing of the target-color-shape trial type capable of generating such binding errors changed across training. Acquiring the two-item discrimination resulted in the disappearance of any evidence of binding errors at the end of training (Table  2) . During the last five-session block, false alarm rates were equivalent on target-color-shape trials in comparison to target-color and target-shape two-item trials. These findings indicate that the pigeons learned something about this type of stimulus presentation over two-item training that altered the recognition of these shared target features when they occurred in different items.
General Discussion
In these experiments, a novel experimental procedure for pigeons involving sequential and simultaneous target detection was developed to assess whether binding errors occurred in the visual processing of the presentation of multiple compound stimuli by pigeons. In Experiment 1, pigeons learned a conditional discrimination that required one choice response in the presence of a target compound and a different choice response in the presence of a non-target compound. This conditional discrimination required the processing of both color and shape information. The shared dimensionality of the non-target stimuli in relation to the target stimulus clearly influenced choice responding indicating that both dimensions did come to control choice. In Experiment 2, pigeons learned a two-item discrimination under simultaneous and sequential presentation conditions. A recency effect was found for the sequential conditions indicating interference in visual working memory. Such interfering stimulus control is the ideal situation to produce binding errors. Two-item pairings were arranged to allow for the examination of binding errors in time (simultaneous) and location (sequential). At the start of two-item training transient evidence for binding errors in some birds was observed. By the end of training, however, the effect disappeared because the processing of shared target features in different items had changed.
What exactly did the pigeons learn during two-item training that may have affected binding? We offer two possibilities. First, if the pigeons had learned to configure target-color-shape item pairings over two-item training this would have affected feature binding in visual working memory. Such configural learning of item combinations may have acted as conjunction detectors (Colzato et al., 2006) . These conjunctions detectors can facilitate processing of the appropriate feature binding by fine-tuning attention to the appropriate features in different visual dimensions. Such tuning can reduce the occurrence of binding errors.
Second, if the pigeons learned position information pertaining to a target-color and target-shape item in the first position of a sequence, then any possibility of binding errors would be reduced. Pigeons could have learned such position information. This strategy was possible because when presented with a target-color or target-shape item in the first position, selecting the non-target hopper always resulted in food reinforcement because the target-color and target-shape items never occurred with the target item on target trials. Thus, the pigeons could have reached a decision based on the first item they encountered and essentially ignored the second item. However, if our pigeons did reach a decision after processing the first item in a sequence then one would expect a primacy and not recency effect on target trials which did not occur. Nevertheless, two experiments have shown that pigeons can respond to a sequence's identity before its completion, if given the opportunity (Terrace, 1986; Weisman, Gibson, & Rochford, 1984) . For example, Terrace trained pigeons in a conditional discrimination to peck a "target" key after presentation of a target sequence (e.g., red -green -blue) and peck a "non-target" key after presentation of a non-target sequence (e.g., green -orange -red). If the non-target sequence differed from the target sequence in the first position, the pigeons would begin pecking the non-target key before the sequence ended. Similarly, Weisman et al. trained pigeons to discriminate between positive (e.g., red -yellow) and negative sequences (e.g., red -red, yellow -yellow, yellow -red) of houselights in an advance-key procedure. Pecking the advance-key allowed pigeons to terminate a sequence and begin a new trial. Pigeons were able to accurately use the advance-key to terminate negative sequences that were recognizable during presentation of the first houselight color (e.g., yellow in the example given). Therefore, when possible, pigeons can reach a decision concerning the sequence's identity before the end of a trial. Thus, in the present experiment, the pigeons could have detected whether or not a sequence was a target or non-target trial for all items in the first position except for differenttarget-feature items. To correct this problem the target should be allowed to occur with any non-target item. This solution might produce a difference between target-color-shape, targetcolor, and target-shape trials. Of note, we later allowed the target to occur with any non-target item. This change had no effect on binding errors at that time. However, prior learning in the task may have blocked the learning of any new strategies.
The decrease in binding errors across training also suggests that binding is not confined completely within visual working memory. At least one component of the process may involve long term memory, ensuring that well-trained, stable object discriminations (e.g., grape juice is purple, despite being stored in a white container) are performed with near perfect accuracies (Treisman & Schmidt, 1982) . The binding errors observed in this experiment are perhaps qualitatively different from the errors observed in experiments involving rapid non-contingent stimulus presentation (i.e., memory vs. perceptually based binding errors). Although many experiments on binding have used rapid visual presentation to increase the frequency of errors, there is evidence that binding errors can occur at longer exposure durations and without explicitly diverting attention (Prinzmetal, Henderson, & Ivry, 1995) . Prinzmetal et al. (1995) found evidence for binding errors in a colored-letter identification task with view times as long as 1.5 seconds. Thus another possibility to consider is that our pigeons got to observe the stimuli for times much longer than most human studies. These longer viewing times may have helped the pigeons to correctly conjoin the features of each object. Thus, the requirements of our procedure likely made it far more difficult to detect perceptually-related binding errors. A future direction of our research should be to explore the influence of viewing times < 1 second of the stimuli presented in our task.
Another important consideration is "when" the binding errors occurred during the perception of the stimuli. The notion that the binding process is composed of functionally distinct subprocesses is not new (e.g., Treisman, 1996) and provides a way of categorizing results related to the binding problem. Using Treisman's categories, the current experiments were designed to understand property binding, the combination of information from specialized neural regions; and location binding, the combining of differentially coded "what" and "where" information. The use of extended presentation times and the VR requirement make it unlikely that the errors were occurring at the property binding stage, unless we assume that these errors arise under ample viewing conditions, which is unlikely (Treisman & Schmidt, 1982) . It is more likely that the errors were arising as the birds attempted to bind the location and object information. This reasoning is supported by the increased number of binding errors for at least one bird (Larry, also the highest performer in the task) under the sequential condition only. As mentioned above, over time the birds may have learned to deal with these errors by adopting a strategy to consider only a portion of the available stimuli on a given trial. Transfer tests involving non-trained conjunction stimuli in untrained location configurations could more clearly show the prevalence of binding errors in pigeon visual perception.
The accomplishment of the sequential and simultaneous target detection task with compound stimuli was the first of its kind with pigeons. While this target detection task was specifically designed to explore binding processes in a conditional discrimination, it could be used further in the analysis of several other interesting domains in animal learning and cognition such as the exploration of perceiving and remembering, structure and capacity of visual working memory, configural processing of sequences, and the elemental/configural debate. The task can offer new perspectives on these domains because comparisons within and between sequential and simultaneous discriminations can be made with the same group of animals.
Moreover, these experiments begin to ask and study questions in avian perception that have either not been explored or have received little previous attention. Do pigeons combine visual information? If they do, is the binding process fallible? How might spatial and temporal factors influence binding if errors do occur? How does learning influence feature binding? Answering these questions will allow us to better assess whether binding is a general process common among vertebrate species. The present experiments were the first designed to investigate the psychological processes underlying binding errors in any nonhuman visual system. They represent an important step toward developing a framework for the evaluation of feature binding in nonhumans. They add to the growing literature in animal cognition on the mechanisms underlying the pigeon visual system and the comparative psychology of mammalian and non-mammalian visual systems. The five trial types used in the three two-item conditions of Experiment 2 and the target item for these examples is Red U. Binding errors were determine by comparing false alarms on target-color-shape trials with those on target-color and target-shape trials. Mean percentage target hopper choice for target trials only, divided into target sequential trials by first and second position, simultaneous, and one-item trials. Error bars are standard errors of the means. 
